Many cells, when cultured in suspension, fail to express cyclin A, a regulatory component of cell cycle kinases cdc2 and cdk2 and as a consequence, do not enter S phase. However, many cell type-speci®c dierences are disclosed between not only normal and transformed cells, but also between cell lines whose proliferation is strictly anchorage-dependent. These apparent discrepancies are seen in established cell lines most probably because of adaptative events that have occurred during cell culture. We have therefore used primary cells to understand how cyclin A transcription is controlled by cell anchorage properties. To this aim, we have used embryonic ®broblasts from either wild type, Rb(7/7) or p107(7/7)/p130(7/7) mice and tested the eect of an ectopic expression of Rb mutants. In the experiments reported here, we show that anchorage-dependent expression of cyclin A (i) is re¯ected by the in vivo occupancy of a negative DNA regulatory element previously shown to be instrumental in the down regulation of cyclin A transcription in quiescent cells (Cell Cycle Responsive Element: CCRE) (ii) requires a functional Rb but neither p107 nor p130 (iii) mutation of the CCRE abolishes both adhesion-dependent regulation and response to Rb.
Introduction
Proliferation of mammalian cells is not only under the control of growth factors but also of interactions with the extracellular matrix (Assoian and Zhu, 1997) . Loss of either one or these two requirements is the hallmark of cellular oncogenic transformation, and highly tumorigenic cells frequently harbor both serum and anchorage-independent growth in vitro (Freedman and Shin, 1974; Shin et al., 1975; Colburn et al., 1978) . Progression through the cell cycle is orchestrated by the coordinated activation of a series of cyclindependent protein kinases (cdk) (Sherr, 1996; Hunter and Pines, 1994) . Cyclin A is required through its association with cdk2 and cdc2/cdk1 during S phase and the G2/M transition for both DNA replication (Girard et al., 1991; Zindy et al., 1992; Pagano et al., 1992) and control of transcription (Krek et al., 1994; Lee et al., 1992) .
Many cells, when cultured in suspension, fail to express cyclin A and, as a consequence, do not enter S phase (Guadagno et al., 1993; Zhu et al., 1996; Schulze et al., 1996) , a situation which can be overcome by an ectopic expression of cyclin A (Guadagno et al., 1993; Kang and Krauss, 1996) . In adherent cells, transcription of the gene coding for cyclin A is cell cycleregulated and the absence of the transcript in quiescent or in early G1 cells results in a large part from the presence of an inhibitory complex on its promoter (Barlat et al., 1993 (Barlat et al., , 1995 Henglein et al., 1994; Schulze et al., 1995; Zwicker et al., 1995; Huet et al., 1996; Plet et al., 1997; Philips et al., 1998) . Relief from this negative control gives rise to the activation of cyclin A gene transcription which takes place at the G1/S boundary. Repression is mediated by a bipartite cell cycle-dependent repressor DNA element comprised of a GC-rich region (Cell Cycle Responsive Element, or cell Cycle Dependent Element: CCRE/CDE) and a directly adjacent motif (cell Cycle gene Homology Region: CHR) shared by several other cell cycleresponsive genes (Schulze et al., 1995; Zwicker et al., 1995; Huet et al., 1996) . E2F and CDF-1 have been proposed to interact with this region (Schulze et al., 1995; Zwicker et al., 1995; Liu et al., 1997; ZerfassThome et al., 1997) and interfere with the transactivation potential of factors binding upstream such as NF-Y and ATF (Desdouets et al., 1995; Nakamura et al., 1995; Yoshizumi et al., 1995; Zwicker et al., 1995; Huet et al., 1996; Plet et al., 1997) .
Whereas CDF-1 is a still ill de®ned binding activity (Liu et al., 1997 (Liu et al., , 1998 . E2F is composed of a growing family of heterodimeric transcription factors whose activity is modulated during the cell cycle through interactions with proteins related to the retinoblastoma susceptibility gene product: Rb, p107 and p130 (for a review see Sardet et al., 1997) . The three proteins share structural and functional properties through a conserved protein domain, referred to as the`pocket', involved in the binding of DNA tumor virus oncoproteins and cellular proteins such as members of the E2F family (Sardet et al., 1997) . The biological importance of the role of proteins such as Rb is strengthened by the inactivation of the latter in a wide range of human tumors (for a review see Weinberg, 1995) .
Several recent reports suggest that the phosphorylation of Rb-related proteins might be dependent upon cell anchorage (Zhu et al., 1996; Kang and Krauss, 1996; Schulze et al., 1996) . However, whereas this was observed in NIH3T3 cells, where it can be explained by a strong detachment-induced down regulation of cyclin D1, and therefore of cdk4-cyclin D1 activity, this was not true for example for NRK cells (Kang and Krauss, 1996) . The latter cells, whose proliferation is also anchorage-dependent, harbor a sustained cyclin D1 synthesis when detached, and probably as a result, a hyperphosphorylated Rb. The study of the mechanisms that give rise to the downregulation of cyclin A transcription when normally adherent cells are denied anchorage have also led to con¯icting results. Whereas one group reported the involvement of anchoragedependent E2F-binding to the cyclin A promoter (Schulze et al., 1996) , other reports proposed that a new type of CAAT-binding factor might mediate adhesion-dependent cyclin A transcription (Kramer et al., , 1997 . There are several reasons for this situation and one of them resides in the fact that most of these studies have been conducted on immortal or transformed cell lines. In such cells, many regulatory loops are altered as a consequence of their adaptation to in vitro culture. Interestingly, mutations in the components of the Rb regulatory network such as for example p16 (Sherr, 1996; Kamb et al., 1994; Nobori et al., 1994) are frequently observed in established cell lines. This strengthens thus the notion that an unaltered Rb regulation has to be maintained to be able to draw ®rm conclusions on the links between cell cycle control and adhesion-mediated cellular properties.
In order to understand how cyclin A transcription is controlled by cell anchorage properties we have undertaken a thorough analysis of cyclin A expression in primary cells. To this aim, we have used embryonic ®broblasts from either wild type, Rb(7/7) or p107(7/7)/p130(7/7) mice and tested the eect of an ectopic expression of Rb mutants together with various mutated versions of the mouse cyclin A promoter. In the experiments reported here, we show that anchorage-dependent expression of cyclin A is dependent upon a functional CCRE/CDE and not CRE or NFY sites. Moreover, Rb rather than p107 or p130 is required for a correctly regulated response to adhesion signals. Mutation of the CCRE/CDE abolishes both adhesion-dependent regulation and response to Rb.
Results
Anchorage-dependent expression of cyclin A in mouse primary ®broblasts is mediated by the binding of a repressor to its promoter
The study of the mechanisms underlying the control of anchorage-dependent cell proliferation has revealed the existence of many cell-type-speci®c dierences. We tried to settle this issue in mouse primary ®broblasts. To this aim, exponentially growing ®broblasts were serum starved for 24 h, recovered and then stimulated with fresh medium for the indicated times after replating either on standard (adherent cells) or on agar-coated dishes (non-adherent cells). Progression through the cell cycle was monitored by¯uorescent cell sorting following labeling the cells with propidium iodide. Quiescent cells replated on standard dishes resumed proliferation readily, with 47% of the cells in the replicative state and 35% distributed in the G2 and M phases of the cell cycle after 18 h of serum stimulation ( Figure 1a ). In contrast, cells replated on agar-coated dishes were predominantly found (more than 80%) with a G1 DNA content and upmost 2% entered S phase. Total RNA and proteins were fractionated by electrophoresis on denaturing gels and analysed by Northern (Figure 1b) and Western ( Figure  1c ) blot respectively. Whereas adherent serum-restimulated cells expressed cyclin A mRNAs ( Figure 1b) and Figure 1 In the absence of adhesion primary mouse ®broblasts do not proliferate and cyclin A is not expressed. Fibroblasts were serum starved for 24 h, recovered and then restimulated with fresh serum for the indicated times after replating either on standard (adherent cells) or on agar-coated (non-adherent cells) dishes. (a) Progression through the cell cycle was monitored by FACS analysis. Top panel: cells after a period of 24 h of serum starvation prior to replating, middle panel: cells replated on standard dishes and recovered 18 h after serum stimulation, bottom panel: idem for cells replated on agar coated dishes. RNA and total proteins were prepared from adherent (Adh) and non-adherent (NAdh) cells at the indicated times, and analysed by Northern (b) or Western (c) blot. The cyclin A and GAPDH probes were hybridized together for the Northern blot, which results in partial overlapping of the signals corresponding to GAPDH mRNA and to the high mobility cyclin A mRNA. For the Western blot, the membrane was ®rst exposed to anti cyclin A antibody, then stripped and re-exposed to anti GAPDH antibody protein ( Figure 1c ) at the G1/S transition, consistent with previous data obtained with cell lines, non adherent primary cells failed to do so.
Transcription from the cyclin A promoter is active in proliferating cells and inhibited in quiescent cells through a negative regulatory element (Cell Cycle Responsive Element, CCRE/cell Cycle Dependent Element, CDE) whose mutation renders the promoter constitutively active (Huet et al., 1996; Schulze et al., 1995; Zwicker et al., 1995; Plet et al., 1997) . We thus performed an in vivo genomic footprint analysis of the region surrounding the CCRE element in both adherent and non adherent cells. As previously described, the CCRE was quantitatively occupied in Go-early G1 adherent cells at the exclusion of the other phases of the cell cycle (Zwicker et al., 1995; Huet et al., 1996; Plet et al., 1997) . The protection vanished as cells transited through G1/S ( Figure 2 ). Next to the CCRE, two other previously characterized sites, binding respectively proteins from the CREB/ ATF (CRE) and NF-Y (NFY) families, harbored a constitutive protection (Barlat et al., 1995; Huet et al., 1996; Plet et al., 1997; Philips et al., 1998) . Whereas reproducibly observed, the latter site harbored a partial protection probably due to a weak accessibility to DMS even in the presence of the protein. In contrast, when the same type of analysis was performed on nonadherent cells, the protection was maintained on the CCRE whether cells were starved or serum-restimulated. The two other sites: CRE and NF-Y remained unaected.
The wild type and the various mutated versions of the cyclin A promoter linked to a luciferase reporter (pCycA-luc) were next transfected into adherent cells which were then transferred onto agar coated dishes. The CCRE-dependent repression of cyclin A transcription was observed in quiescent cells and was maintained in serum-refed cells grown under conditions precluding adhesion (Figure 3 ). However, a constitutive high activity was monitored whether cells were starved in low serum or restimulated in the absence of anchorage when the CCRE-mutated version of the cyclin A promoter was used. In contrast, mutations on the CRE or the NF-Y sites led to promoters slightly impaired in their response to serum but still responsive to anchorage signals (Figure 3) .
The complete relief of cyclin A promoter inhibition by the mutation of the CCRE, together with the constitutive occupancy of the latter element in cells grown in suspension thus functionally link CCREmediated repression to anchorage-dependent control in primary ®broblasts.
A functional Rb is required for an anchorage-dependent cell cycle regulation of cyclin A Previous experiments which had assayed the eects of anchorage on cell cycle progression from quiescence to DNA synthesis in NIH3T3 and NRK cells had pointed to important dierences in the phosphorylation state of Rb (Kang and Krauss, 1996) . Whereas in both cases cyclin A expression was strictly adhesion dependent, hyperphosphorylation of Rb at the G1/S transition was linked to adhesion in NIH3T3 cells and not in NRK cells. Rb and its related proteins p130 and p107, are proposed to be the target of the con¯icting actions of G1 cyclins-cdk complexes and the dierent inhibitory molecules (CKI) described so far (Hunter and Pines, 1994; Sherr, 1996) . This type of discrepancy observed between cell lines could be accounted for by the frequent mutations aecting the regulatory components of the various pocket proteins. Moreover, the partial redundancy observed for their in vitro properties makes dicult the assignment of a speci®c role in any cellular process for each Rb-related protein. To solve this problem, we have used the opportunity to derive ®broblasts from embryos whose Rb, p107 or p130 genes had been mutated by homologous recombination (Herrera et al., 1996; Cobrinik et al., 1996; Hurford et al., 1997) . We ®rst checked whether the hyperphosphorylation of Rb, which is observed at the G1/S transition, was inhibited in non-adherent wild type mouse primary ®broblasts. Serum-starved cells were restimulated with fresh medium for 18 h after replating either on standard or on agar-coated dishes. Total cellular extracts were then prepared and analysed by Western blotting with anti Rb antibodies. Extracts from stimulated adherent cells revealed the characteristic shift in mobility of the hyperphosphorylated form of Rb (Figure 4) . In contrast, only the low mobility form of Rb was observed in stimulated non-adherent primary ®broblasts. An extract from Rb(7/7) cells Figure 2 Anchorage-dependent repression of cyclin A transcription is mediated by the sustained presence of a repressor-type complex on its promoter. Adherent (Adh) or non-adherent (NAdh) cells stimulated (+) or not (7) for 18 h by the serum after 24 h of starvation were harvested, treated with dimethyl sulfate and processed for in vivo genomic footprinting as described. IV stands for`in vitro methylated' and CRE, NFY and CCRE point to previously characterized protein binding sites within the mouse and human cyclin A promoters was used as a control and did not show any detectable signal (Figure 4 ). A previous report had shown that Rb de®cient ®broblasts harbored altered cell cycle kinetics, gene expression and restriction point regulation (Herrera et al., 1996) . We had analysed the transcription of cyclin A in these cells and shown that cyclin A transcriptional regulation was perturbed in primary ®broblasts from Rb(7/7) and not from p107(7/7) or from p130(7/7) embryos (Philips et al., 1998) . We therefore checked whether cyclin A expression was anchorage-dependent in Rb(7/7) and p107(7/7)/ p130(7/7) ®broblasts. Serum-starved cells were processed as above and total extracts were analysed with antibodies directed at cyclin A and GAPDH (Figure 5a ). Cyclin A accumulation was strictly adhesion-dependent in p107(7/7)/p130(7/7) fibroblasts while deregulated in Rb(7/7) ®broblasts as previously reported for adherent cells (Herrera et al., 1996; Philips et al., 1998) . The cyclin A expressed in non-adherent Rb(7/7) cells was found in functional complexes as monitored by standard H1 kinase assays carried out after immunoprecipitation (data not shown). This was consistent with FACS analysis data obtained on non-adherent Rb(7/7) cells and showing that a large percentage of the cells was distributed in the various phases of the cell cycle (data not shown). We next transfected pCycA-luc into adherent cells which were then split into two halves grown under either adherent or non-adherent conditions (Figure 5b ). The CCRE-dependent anchorage-linked repression of cyclin A transcription was observed in p107(7/7)/ p130(7/7) cells and not in Rb(7/7) cells.
This strongly suggested that invalidating Rb was instrumental in causing a relief of cyclin A repression in non-adherent primary cells. We thus cotransfected an Rb-expressing vector together with pCycA-luc into non-adherent Rb(7/7) cells. This resulted into a 50% inhibition of cyclin A promoter activity (Figure 6 ). Moreover, a phosphorylation-insensitive dominant form of Rb (Hamel et al., 1992) led to the same result, whereas a Rb-defective form harboring a deletion in the carboxy terminal domain, known not to interact with transcription factors such as E2F (Qian et al., 1992) failed to do so ( Figure 6 ). In contrast, the mutated CCRE version of the cyclin A promoter was insensitive to the dierent forms of Rb.
Rb is thus required for anchorage-dependent, CCRE-mediated cyclin A repression in primary mouse ®broblasts. Figure 3 The cyclin A cell cycle responsive element (CCRE) mediates anchorage-dependent cyclin A expression. Fibroblasts were transiently transfected while adherent, serum starved, and then restimulated for 18 h either still adherent (open bars, Adh) or in suspension (closed bars, Nadh). Fire¯y luciferase activity driven by the cyclin A promoter harboring either a wild type structure (WT) or a mutation in respectively the CRE (mCRE), the NF-Y (mNFY) or the CCRE (mCCRE) site, was monitored and normalized to the activity of a cotransfected constitutive Renilla luciferase expression vector Figure 4 Rb is not hyperphosphorylated at the G1/S transition in the absence of primary cell adhesion. Fibroblasts from either wild type (1-3) or Rb(7/7) (4) embryos were serum starved for 24 h, recovered (1-4) and then restimulated with fresh serum for 18 h (2, 3) after replating either on standard (1, 2, 4) or on agarcoated (3) dishes. Western blot analysis was performed on total cellular extracts with an anti Rb monoclonal antibody Cyclin A and pocket proteins in non-adherent primary cells
Discussion
When deprived of anchorage, normally adherent cells fail to undergo several G1-speci®c cell cycle-related transitions such as the activation of G1 cdks, the phosphorylation of Rb or the expression of cyclin A (Carstens et al., 1996; Fang et al., 1996; Guadagno et al., 1993; Kang and Krauss, 1996; Schulze et al., 1996; Yang and Cerione, 1997; Zhu et al., 1996) . However, many cell type-speci®c dierences are disclosed between not only normal and transformed cells, but also between cell lines whose proliferation is strictly anchorage-dependent. These apparent discrepancies are seen in established cell lines most probably because of adaptative events that have occurred during cell culture. Previous experiments which had addressed the eects of anchorage on cell cycle progression in Rat1, NIH3T3 or NRK cells had pointed to important dierences in the phosphorylation state of Rb (Kang and Krauss, 1996) . For example, whereas in all cases cyclin A expression was strictly adhesion dependent, hyperphosphorylation of Rb at the G1/S transition was linked to adhesion in NIH3T3 cells and not in NRK cells. This questioned the relevance of this event in the control of cell cycle transit by cell anchorage. Similarly, the study of cyclin A transcription down regulation in the absence of cell adhesion have also led to con¯icting results. Whereas one group reported the involvement of anchoragedependent E2F-binding to the cyclin A promoter (Schulze et al., 1996) , another reported that CAATbinding factors might mediate adhesion-dependent cyclin A transcription (Kramer et al., , 1997 . In order to overcome these diculties, we have studied the requirements for anchorage-dependent transcription of cyclin A in suspensions of primary ®broblasts prepared from either wild type mouse embryos or from embryos whose Rb, p107 or p130 genes had been mutated by homologous recombination (Herrera et al., 1996; Cobrinik et al., 1996; Hurford et al., 1997) . We show in this work that: (i) repression of cyclin A promoter activity observed when adhesion is prevented is correlated to the in vivo binding of a repressor-type complex at the level of a previously identi®ed sequence (CCRE/CDE) (Schulze et al., 1995; Zwicker et al., 1995; Huet et al., 1996; Plet et al., 1997; Philips et al., 1998) ; (ii) mutation of the CCRE/ CDE abolishes adhesion-dependent regulation (iii) a functional Rb, but neither p130 nor p107, is required to observe an adhesion-dependent cyclin A repression.
Our data are consistent with results obtained previously in NIH3T3 cells and which pointed to a variant E2F binding site overlapping the CCRE/CDE element as an important mediator of anchorageassociated signaling (Schulze et al., 1996) . In this work, cyclin D1 and cyclin E were shown to accumulate to a normal level in suspended cells. However, their associated kinase activities remained inactive, probably because of a sustained accumulation Figure 5 Anchorage-dependent regulation of cyclin A expression can be observed in p107(7/7)/p130(7/7) and not in Rb(7/7) primary ®broblasts. Fibroblasts obtained from Rb(7/7) (right panels) or p107(7/7)/p130(7/7) (left panels) embryos were serum starved for 24 h, recovered (1, 3, 5, 7) and then restimulated with fresh serum for 18 h (2, 4, 6, 8) after replating either on standard (Adh) or on agar-coated (Nadh) dishes. (a) Western blot analysis performed on total cellular extracts with successively anti cyclin A and anti GAPDH antibodies. (b) Transient transfections were performed on adherent cells which were then serum starved, and restimulated for 18 h either still adherent (open bars, Adh) or in suspension (closed bars, Nadh). Fire¯y luciferase activity driven by the cyclin A promoter was normalized as described in Figure 3 Figure 6 Expression of Rb in Rb(7/7) primary mouse ®broblasts restores an anchorage-dependent cyclin A transcription. Rb(7/7) ®broblasts were transiently cotransfected with either a wild type (Rb WT), a phosphorylation-insensitive (Rb Dp34) or a defective (Rb D830-882) mutant Rb-expressing vector together with a cyclin A promoter. Cells were then replated on agar-coated dishes for 18 h and luciferase activity normalized as described in Figure 3 of p27 KIP1 inhibitor, which is normally degraded during the G1/S transition. Concomitantly, Rb and p107 were not hyperphosphorylated. Overexpression of cyclin D1 restored transcription of cyclin A in suspended cells and allowed the cells to enter S phase. According to this scenario pocket proteins are proposed to play a pivotal role in anchorage-dependent transcriptional control of cyclin A. This is in line with previous observations of a deregulation of cyclin A expression in primary Rb(7/7) mouse embryonic ®broblasts (Herrera et al., 1996; Philips et al., 1998) and strengthens thus the notion that the various pocket proteins are endowed with non-overlapping functions.
On the other hand, our data are at variance with another report claiming that a CCAAT element is responsible for the adhesion-dependent transcriptional activation of a human cyclin A reporter in late G1 phase of NRK cells cycle . According to this work, a heterodimeric protein complex, named CBP/cycA and detectable in growing but not in resting or in non-adherent cells, was proposed to activate cyclin A promoter. While cells are resting, CBP/cycA would be sequestered by an Rbrelated protein since its binding activity can be recovered after treatment of an extract from Goarrested cells with a GST fusion protein containing the Rb binding domain of SV40 large T antigen . However, the latter work, based on mutational analysis, did not rule out the possibility that a nearby sequence was actually either directly involved or collaborated with the CCAAT element. Most particularly, all the putative E2F sites which have been deleted or mutated were not functional and not associated with in vivo footprints (our unpublished observation). Moreover, the CCRE/CDE element was present in most constructs used in this study and therefore its involvement in the observed eects remains a very likely explanation.
The CCRE/CDE element, or a related sequence, plays a central role in the transcriptional repression of not only cyclin A but also of a set of genes such as Bmyb, cdc2 and cdc25C, involved in cell cycle control . However, this does not exclude the involvement of other sequences in the basal activity of these promoters. Indeed, structurefunction analysis has shown that CCRE/CDEmediated repression requires functional elements likely to mediate contacts with the basal transcription machinery. That such a situation occurs in cyclin A promoter has been substantiated in previous works (Barlat et al., 1995; Desdouets et al., 1995; Zwicker et al., 1995; Plet et al., 1997) . When explored in vitro, binding of nuclear factors to cyclin A CCRE/CDE involves low anity interactions (Huet et al., 1996) which can be stabilized in vivo in a chromatin context. We have for example shown that, at least in primary human lymphocytes, the NF-Y factor could organize the binding of nearby proteins in the cyclin A promoter (Plet et al., 1997) .
It has previously been proposed that Rb was a link between the cell cycle machinery and Ras (Downward, 1997; Peeper et al., 1997; Taylor and Shalloway, 1996; Mittnacht et al., 1997; Leone et al., 1997) . This is consistent with data obtained after inhibition of Ras: invalidating Ras in Rb(7/7) cells was much less eective in blocking S phase onset than when carried out in Rb(+/+) cells (Pepper et al., 1997) . Mutations resulting in a constitutive activation of Ras are frequently encountered in human tumors and its central position explains the pleiotropy and amplitude of the resulting phenotypes (Bos, 1989) . Introduction of a mutated Ras in cultured ®broblasts can thus lead not only to alterations in cell morphology, loss of contact inhibition or decreased dependence on growth factors, but also to anchorage-independent proliferation. Interestingly, when expressed transiently in NIH3T3 or Rat6 cells, Ras(V12) allowed the formation of large colonies in soft agar (Kang and Krauss, 1996) . These observations thus link Ras signaling to anchorage control, and cyclin A expression constitutes a good model to unravel the pathways involved.
Materials and methods

Cell culture and transient transfection experiments
Early primary ®broblasts from either wild type, Rb(7/7) or p107(7/7)/p130(7/7) mice (generous gift from D Cobrinick and N Dyson) were grown in DMEM containing 10% heat-inactivated fetal calf serum (Philips et al., 1998) . Cells were transfected using the calcium phosphate procedure 18 h prior to serum starvation, and then split and serum-starved for 24 h on either standard or agarcoated dishes. Cells were then released from mitogen deprivation by addition of complete medium and luciferase activity was monitored on duplicates 18 h later as previously described (Barlat et al., 1995; Huet et al., 1996) . Alternatively, after transfection cells were cultured for 24 h in the presence of serum on agar-coated dishes and processed for luciferase activity monitoring. Normalization was performed using the dual-luciferase reporter assay system from Promega. When required, cells were sorted according to their DNA content with a FACScan (Becton Dickinson) after labeling with propidium iodide. pCycAluc is a pGL2-Basic vector containing wild type murine cyclin A promoter sequences spanning from nucleotides 7177 to +100 relative to the 3' most transcription initiation site (Huet et al., 1996) . The following mutations were introduced into respectively the CRE (GTGACGT-CA), NFY (TCATTGG) and CCRE (GCGGGCT) elements previously characterized by in vivo footprinting: CTCGAGTCA (mCRE), GAATTCG (mNFY), and GAATTCG (mCCRE). The following other plasmids were also used: pRbDp34 and pRbD830-882 (generous gifts from P Hamel) are pECE-based pRb expression vectors corresponding respectively to the dominant form with all phosphorylation sites contained within p34 kinase consensus sequences mutated, and a deletion mutant spanning from amino acids 830 ± 882, unable to bind E2F (Hamel et al., 1992; Qian et al., 1992) . 5 mg total DNA was used for 10 5 cells per 35 cm diameter petri dishes (0.5 mg pCycA-luc, 0.1 mg pRL-TK, expression vector as indicated in each ®gure legend and pBluescript SKII + qsp 5 mg).
In vivo genomic footprinting
In vivo genomic footprinting was carried out on 5.10 6 primary ®broblasts from 10.5 days-old embryos, treated for 2 min at room temperature with 1 ml of DMS (99% purity, Aldrich) per ml, and then with 2% b-mercaptoethanol prior to DNA processing, essentially as described (Barlat et al., 1995; Huet et al., 1996) . The radioactive elongated DNA molecules were separated on a 6% polyacrylamide sequencing gel and the signals were scanned and analysed with the Image Quant program from Molecular Dynamics.
Protein and RNA blot analysis
Total cell extracts were prepared for Western blot analysis by directly lyzing cells in the Laemmli loading buer, and fractionated into 7 or 12.5% polyacrylamide SDS-containing gels prior to transfer onto nitrocellulose ®lters. ECL detection was performed with anti Rb mAb245 (BIOMOL research lab.), cyclin A mAbCY-A1 (Sigma) and GAPDH rabbit home-made polyclonal IgG. RNA was prepared with a standard sodium isothyocyanate-based method and processed for Northern blot analysis as described (Barlat et al., 1993 (Barlat et al., , 1995 . The full length human cyclin A and mouse GAPDH cDNAs were used as probes.
